Revetments protect the shorelines of coasts, estuaries and rivers against wind waves, ship waves, currents and ice attacks. The resistance of revetments basically depends on the properties of the cover layer. In the case of an interlocked pattern placed revetment the resistance essentially depends on the weight of the individual blocks, the friction forces and the interlocking force. In this study, extensive large scale model tests have been performed to assess the hydraulic stability of interlocked pattern placed revetments. The study shows test results due to deformations, wave loading and pull-out tests. Overall, the experimental results show a significant increase in the structural stability of the revetment against wave attack due to the interlocking system compared to traditional revetment elements.
Introduction
Revetments are generally used to protect the embankments of coastal areas, estuaries and rivers against wind and ship waves, currents and ice attacks and the resulting erosion. The stability of revetments fundamentally depends on the performance of the cover layer. Concerning the construction of the cover layer, revetments are differentiated as rubble, monolithic and block placed revetments, in which the group of placed block revetments can be subdivided into interlocked and loose placed block revetments. The following paragraphs primarily concern interlocked placed block revetments.
Regarding the interlocked placed block revetments (PIANC, 2011) single blocks are force-locked over a horizontal, a vertical or a double bond structure (EAK, 1993) . It is assumed, that the application of an interlocking system produces an increase in stability against wave induced load compared to loose block revetments. The stability of revetments includes several different requirements. Relating to the hydraulic stability the following hydro-engineering requirements can be found in the associated literature (EAK 2003 , EAU 2004 , Hansen 1985 ):
1. Resistance against external wave load due to wave impact 2. Resistance against uplift due to the wave run down 3. Resistance against erosion of material of the sub-layers 4. Resistance against liquefaction of the subsoil 5. Adaptability to local settlements of the subsoil 6. Maintenance of residual resistance after an occurring damage, e.g. vandalism, in order to have enough time for maintenance work Nowadays, ecological and economic issues are additional demands besides the listed hydroengineering requirements (PIANC 2011) . Revetments should be cost-effective in the construction as well in the maintenance. This leads to a demand of cost minimization over the lifetime of revetments. Furthermore, revetments should be ecologically valuable, in order to form a habitat for plants and animals. Due to this demand additional requirements result on the porosity and surface structure.
Fundamentally, interlocked placed block revetments are able to fulfill the hydro-engineering requirements as well as the ecologically and economic issue. With particular regard to the economic issue interlocked placed block revetments seem to be a suitable approach due to the single-layer placement and thereby the reduced material requirements in comparison to rubble mound revetments, for example.
As depicted in Figure 1 the stability of interlocked block placed revetments against external loading depends on the self-weight force F G of the single block, the friction force F R,B between the single blocks, the friction force F R,S between the blocks and the sub-layer, and the interlocking force F I . If the sum of the presented forces is larger than the uplift force F L due to wave loading, the revetment can be rated as stable.
The magnitude of the interlocking force, which represents the increase in stability compared to loose revetment blocks, is not taken into account in the available design guidelines. This increase should be investigated with the help of large scale model tests. For this purpose different types of the Verkalit ® revetment blocks, produced by the Berding Beton GmbH, were used as examples of interlocking blocks. The horizontal interlocking of this block type is ensured by an innovative key and slot system (see Figure 1) . The Large Wave Flume Hannover was chosen as the test facility. 
Scientific Background
The design of coastal revetments in Germany is performed on the basis of a number of special guidelines and regulations including EAK(2003) , EAU (2004 ) or GBB (2010 which make use of the well known design formulas by Hudson (1959) and Van der Meer (1988) for rubble mound structures. For loose placed block revetments the design methods by Bezuijen et al. (1986) , Burger et al. (1989 ), Klein Breteler & Bezuijen (1992 or Pilarczyk (1992) are recommended.
Currently now no design guidelines are available in the associated literature for interlocked block revetments. The increase in stability of these kinds of revetments due to the interlocking force is not taken into account, although interlocking blocks have been in use in Germany and other countries for decades (Pilarczyk 1992 , Gier et al. 2012 . Experimental investigations for interlocking blocks were only performed by Wouters (1991) in small scale model tests to determine the resistance of interlocking blocks against wave attack. The transfer of the results by Wouters is uncertain due to model effects associated to the processes in the subsoil. Therefore, systematic and transferable investigations are required to investigate the effect of an interlocking system on the hydraulic stability of a coastal revetment. In addition, PIANC (2011) recommends such investigations for interlocking blocks.
Model set-up
Between November 2010 and March 2011, extensive large scale model tests were performed in the Large Wave Flume Hannover to determine the structural stability against wave attack of different types of the interlocked Verkalit  revetment blocks in a scale of 1:1 (see Figure 2 ). -4 m/s. In order to investigate different revetment setups simultaneously, the slope was divided into two sections by a separation wall. The sequence of sublayers of the revetment was, except for model phase 4, identical in all series of the experiments. The profiled sand core was coated by a geotextile layer (k f = 2.86×10 -3 m/s; O 90 = 0.1 mm) in order to prevent erosion of the core material. The top of the geotextile layer was coated with a granular filter, which represented the supporting area of the investigated revetment blocks. The cover layer consisted of the revetment blocks presented in Figure 2 . The opening ratios of these revetment blocks were 3.3 % (loose revetment block according to DIN EN 1338 180 mm), 3.0 % (Standard Verkalit ® revetment block 180 mm), 3.0 % (Open matrix Verkalit ® revetment block 180 mm), 5.8 % (Modified Verkalit ® revetment block 180 mm), 5.8 % (Modified Verkalit ® revetment block 250 mm). Structural details of the revetments in the four experimental periods are given in Table 1 . 
Test program
The model tests were performed with regular waves with a wave height H of up to 1.90 m and wave spectra (JONSWAP spectra) with a significant wave height H S of up to 1.4 m. Due to shoaling effects, the maximum significant wave height H S raised up to 1.64 m at the foot of the revetment.
All tests with wave spectra comprised at least 1,000 waves. An overview of the test program with wave spectra is given in Table 2 . To investigate the durability of the revetments, an additional long term test series was carried out with a duration of 8 hours. The long term tests consisted of the spectra JONSWAP D1, D2, D3 and D4 with a wave height H S of 1.4 m, a wave period T P of 4.73 s and a duration of 2.0 hours each. In Figure 3 the chronological sequence of wave breaking (left), wave run-up (middle) and wave run-down (right) on a 1:3 sloped revetment in the Large Wave Flume Hannover is depicted. 
Results of the experimental investigations
The results of the large scale model tests are presented in the following text:
 Deformations of the revetment in the four model phases  Stability parameter of the investigated revetment blocks  Pull-out tests of the investigated revetment blocks Generally, the visual appraisal of the deformations of a revetment after the wave loading is the first step in the assessment of the stability. For this reason it was necessary to determine the location of every single block before and after wave loading. The bottom of the wave flume was used as a reference for the determination of the elevation of the single blocks. Additionally, in order to determine the position of the gap between the blocks before and after loading, a tape measurement was made from the dike-crest. By calculating the difference between the original and the existing position, the movement of each single revetment block was detected. The results of the deformation measurements are summarized in Table 3 . Due to a prematurely abortion of the test with the loose revetment blocks according to DIN EN 1338, no test results are available for this block in Table 3 . With the help of Table 3 it can be seen that the maximum settlements were about + \ -3.8 cm and the maximum sliding was about + \ -1.8 cm. Obviously the deformations remain within reasonable limits.
Additionally, a typical appearance of deformations of a Verkalit  revetment due to wave loading is depicted in Figure 4 . In the area of wave impact almost only settlements occurred, whereas in the area of wave rundown and wave run-up almost only uplifts can be observed. [-] gives information about the resistance of the tested cover layer. The breaker parameter ξ op is defined as:
In Figure 5 and Figure 6 the stability coefficient for regular waves ( Figure 5 ) and wave spectra ( Figure 6 ) is plotted against the breaker parameter ξ op . Each point in the diagram represents the maximum investigated load in the Large Wave Flume Hannover for the different types of revetment blocks. If no failure occurred during the test phase, it could be concluded, that the revetment blocks were able to resist wave loading up to this stability coefficient (H S /(∆D S )) max . For the area above the stability coefficient (H S /(∆D S )) max , no statement concerning the resistance could be made. In the following paragraph, information about values of maximum stability coefficients is provided. They were obtained for regular waves and wave spectra, within which no significant deformations of the revetment structure during the model tests took place; namely no separation of single blocks out of the block layer could be identified (results for regular waves are given in brackets): To create a visual comparison, the stability functions according to Pilarczyk (1992) were plotted ( Figure 5 and Figure 6 ). They indicate that the ordinary revetment block according to DIN EN 1338 followed the theoretical calculation exactly (note: to protect the measuring instruments in the Large Wave Flume Hannover, the extraction of single blocks out of the revetment was not tolerated. The model tests for the ordinary revetment blocks according to DIN EN 1338 were stopped shortly before the loose revetment block failed. The data of this model test defines the failure point). In spite of the wave generator operating at its power limit, it was impossible to load the different types of the Verkalit  revetment blocks to the point of failure, although the theoretical stability coefficients indicate failure of common loose revetment blocks. This result implies the increase in stability by using the interlocking system, made of the key and slot system. The Standard Verkalit ® revetment block as well as the modified Verkalit ® revetment block reached a stability coefficient at least 2.3 times higher in comparison to the loose revetment block according to DIN EN 1338 without failing.
However in order to make a statement about the stability of the Verkalit  revetment blocks, pull out tests were performed. This test measured the force which is necessary to lift a single block out of the revetment structure. For this purpose dowels were placed in several revetment blocks and pulled out with the help of a crane after the end of each of the four model phases. The force, which increased constantly, was measured with a load cell. The chronological sequence of a pull out test is depicted in Figure 7 .The measured force to release a single block can be considered as a reference value for the necessary uplift force needed to destroy the revetment.
In the pull out tests, attention was paid to select blocks from the area of wave run-down, the impact zone and the area of the wave run-up. Furthermore, care was taken to always select the blocks at identical locations in the different model phases. In Figure 8 the results of the pull out tests are given. For each investigated block the maximum force required to release a single block from the area of wave run-up, wave run-down and the impact zone was measured. Furthermore, the average required pulling force of the area of wave run-up and run-up is included in Figure 8 . In comparison to the impact zone, the areas of wave run-up and wave run-down are not so heavily loaded. For that reason, these areas are henceforth referred to as the unloaded areas and the impact zone is termed the loaded area. Figure 8 shows that the key and slot system of the Verkalit  revetment blocks increases the resistance significantly compared to a loose revetment block according to DIN EN 1338. To release the loose revetment block according to DIN EN 1338 from the structure, a pulling force of between 2.55 kN (unloaded area) and 9.79 kN (loaded area) was required.
In contrast, the Standard Verkalit ® revetment block with a thickness of 180 mm required a pulling force of between 37.03 kN (unloaded area) and 49.00 kN (loaded area). These results differ by a factor of 14 for the unloaded area and a factor larger than 5 in the loaded area relating to the loose revetment block according to DIN EN 1338. 
Conclusion
Up to now, no scientific well-founded statement to the stability of interlocking blocks exists. The increase in stability due to an interlocking system is not taken into account in the design guidelines of the associated literature for placed block revetments. With the objective of quantifying this increase in stability, large scale model tests were performed in the Large Wave Flume Hannover.
Based on the test results, it can be proven that the stability number of the interlocked blocks is at least three times larger than the stability number of the loose revetment blocks according to DIN EN 1338. In contrast to loose revetment blocks according to DIN EN 1338 it was not possible to load the investigated interlocked blocks of the Verkalit  series to the point of failure despite operating the wave generator of the Large Wave Flume Hannover at its power limit. However, in order to make a statement about the stability of the revetment, pull out tests were performed. In these tests the force necessary to lift a single block out of the revetment structure was measured. These tests show that the necessary pulling force to release a single block is at least five times higher for the interlocked block than for a loose block.
